Cell Reports

Intracellular Vesicle Fusion Requires a Membrane-
Destabilizing Peptide Located at the
Juxtamembrane Region of the v-SNARE

Graphical Abstract Authors

Shailendra S. Rathore, Yinghui Liu,
Haijia Yu, ..., Qian Yin,

Michael H.B. Stowell, Jingshi Shen

Correspondence
haijiayu@gmail.com (H.Y.),
jingshi.shen@colorado.edu (J.S.)

SM protein

In Brief

Membrane fusion occurs when the
vesicle and target membranes are
brought into close proximity by SNAREs
and SM proteins. In this work, Rathore
et al. demonstrate that, for fusion to
RS EENTNY occur, membrane bilayers must be
—SNAE destabilized by a conserved membrane-
embedded motif located at the
juxtamembrane region of the vesicle-
anchored v-SNARE.

Juxtamembrane motif
of the v-SNARE
(Destabilizing membrane)

Highlights
e The juxtamembrane motif of the v-SNARE is essential for
vesicle fusion

e The juxtamembrane motif directly destabilizes the lipid
bilayer

e The function of the juxtamembrane motif requires both polar
and nonpolar residues

e Linkerinsertions between SNARE and juxtamembrane motifs
impair vesicle fusion

Rathore et al., 2019, Cell Reports 29, 4583-4592
December 24, 2019 © 2019 The Author(s). ‘ :e“
https://doi.org/10.1016/j.celrep.2019.11.107


mailto:haijiayu@gmail.com
mailto:jingshi.shen@colorado.edu
https://doi.org/10.1016/j.celrep.2019.11.107
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.11.107&domain=pdf

Cell Reports

Intracellular Vesicle Fusion Requires
a Membrane-Destabilizing Peptide Located
at the Juxtamembrane Region of the v-SNARE

Shailendra S. Rathore,-#5 Yinghui Liu,'-25 Haijia Yu,!-2* Chun Wan,' MyeongSeon Lee," Qian Yin,® Michael H.B. Stowell,’

and Jingshi Shen'.6-*

"Department of Molecular, Cellular and Developmental Biology, University of Colorado, 347 UCB, Boulder, CO 80309, USA
2Jiangsu Key Laboratory for Molecular and Medical Biotechnology, College of Life Sciences, Nanjing Normal University, Nanjing 210023,

China

3Department of Biological Sciences and Institute of Molecular Biophysics, Florida State University, Tallahassee, FL 32306, USA
“Present address: School of Applied and Engineering Physics, Cornell University, lthaca, NY 14853, USA

5These authors contributed equally
6Lead Contact

*Correspondence: haijiayu@gmail.com (H.Y.), jingshi.shen@colorado.edu (J.S.)

https://doi.org/10.1016/j.celrep.2019.11.107

SUMMARY

Intracellular vesicle fusion is mediated by soluble
N-ethylmaleimide sensitive factor attachment pro-
tein receptors (SNAREs) and Sec1/Munci8 (SM) pro-
teins. It is generally accepted that membrane fusion
occurs when the vesicle and target membranes are
brought into close proximity by SNAREs and SM pro-
teins. In this work, we demonstrate that, for fusion to
occur, membrane bilayers must be destabilized by a
conserved membrane-embedded motif located at
the juxtamembrane region of the vesicle-anchored
v-SNARE. Comprised of basic and hydrophobic res-
idues, the juxtamembrane motif perturbs the lipid
bilayer structure and promotes SNARE-SM-medi-
ated membrane fusion. The juxtamembrane motif
can be functionally substituted with an unrelated
membrane-disrupting peptide in the membrane
fusion reaction. These findings establish the juxta-
membrane motif of the v-SNARE as a membrane-
destabilizing peptide. Requirement of membrane-
destabilizing peptides is likely a common feature of
biological membrane fusion.

INTRODUCTION

Membrane fusion—the merging of two lipid bilayers into one—
involves substantial membrane remodeling and lipid rearrange-
ments, imposing a high energy barrier that must be overcome
by specialized membrane fusion proteins (Kozlov et al., 2010;
Martens and McMahon, 2008; Sudhof and Rothman, 2009).
An extensively studied form of membrane fusion is the merging
of intracellular vesicles with their target membranes, which
transports cargo proteins between organelles in the endomem-
brane system (Baker and Hughson, 2016; Brunger et al., 2009;
Ohya et al., 2009; Wickner, 2010). Intracellular vesicle fusion is
driven by two conserved families of molecules: SNAREs (solu-
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ble N-ethylmaleimide sensitive factor attachment protein recep-
tors) and SM (Sec1/Munc18) proteins (Rizo and Sudhof, 2012;
Shen et al., 2007). The vesicle-anchored v-SNARE pairs with
the target membrane-associated t-SNAREs to form a four-helix
trans-SNARE complex, forcing the two membranes into close
apposition to fuse (Kramer and Ungermann, 2011; Schwartz
and Merz, 2009; Sollner et al., 1993). A cognate SM protein ac-
tivates SNARE zippering and ensures SNARE pairing specificity
(Baker et al., 2015; Ma et al., 2013; Shen et al., 2007; Yu et al.,
2018).

Theoretical modeling suggests that, to overcome the energy
barrier of membrane fusion, the lipid bilayer structure must be
disrupted after the two membranes are brought into close prox-
imity (Chernomordik and Kozlov, 2008; Kozlov et al., 2010; Ris-
selada and Grubmuller, 2012). In viral fusion, another type of
extensively studied membrane fusion, viral fusion proteins
possess membrane-destabilizing peptides required for the
fusion of enveloped viruses with host cell membranes (Earp
et al.,, 2005; Harrison, 2008). Virus-anchored fusion proteins
bring the viral limiting membrane and the host cell membrane
(the plasma membrane or the endosome) into close apposition
as they refold between the membrane bilayers, analogous to
the role of the trans-SNARE complex in intracellular vesicle
fusion (Chlanda et al., 2016; Harrison, 2008; Lamb and Jar-
detzky, 2007; Martens and McMahon, 2008; Top et al., 2005).
Viral fusion proteins use fusion peptides to anchor the virus to
the host cell (Harrison, 2008). Interestingly, in addition to their
membrane-anchoring function, fusion peptides can directly
destabilize lipid bilayers to promote viral membrane fusion
(Duzgunes and Shavnin, 1992; Earp et al., 2005; Epand, 2003;
Haldar et al., 2018; Huang et al., 2004; Shmulevitz et al., 2004).
Besides fusion peptides, the membrane-proximal external re-
gions of viral fusion proteins can also destabilize membrane bi-
layers (Allison et al., 1999; Buzon et al., 2010; Howard et al.,
2008; Jeetendra et al., 2003; Munoz-Barroso et al., 1999; Vish-
wanathan and Hunter, 2008). More recently, membrane-destabi-
lizing peptides were also discovered in non-viral fusion proteins
such as atlastins, which drive homotypic endoplasmic reticulum
(ER) fusion (Faust et al., 2015; Liu et al., 2012).
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Figure 1. The Juxtamembrane Motif of the v-SNARE Is Embedded in
the Surface of the Lipid Bilayer

(A) Sequence alignment of the juxtamembrane motifs (highlighted in yellow) of
exocytic v-SNAREs from multiple species. The SNARE motif is also known as
the core domain. TMD, transmembrane domain.

(B) Model of the VAMP2 juxtamembrane motif embedded in a membrane
bilayer. Magenta, VAMP2 (v-SNARE, the juxtamembrane motif is highlighted in
yellow); green, syntaxin-1 (t--SNARE); blue, SNAP-25 (t-SNARE, only the
SNARE motifs are shown); orange, Munc18-1 (SM protein, shown as a surface
model). The juxtamembrane motif of VAMP2 is based on previous biophysical
and structural data (Bowen and Brunger, 2006; Brewer et al., 2011; Ellena
etal., 2009; Kweon et al., 2003). The TMD of VAMP2 is tilted about 35° relative
to the membrane normal to allow the nonpolar residues of the juxtamembrane
motif to insert into the hydrophobic phase of the bilayer and the basic residues
to embed in the hydrophilic phase of the membrane. Carbon, oxygen, and
phosphorus atoms of the lipid bilayer are colored gray, red, and green,
respectively. The model is based on the structures of the v-SNARE (PDB:
2KOG; Ellena et al., 2009), the cis-SNARE complex (PDB: 3HD7; Stein et al.,
2009), and Munc18-1 (PDB: 3PUJ; Hu et al., 2011). Because the structure of
Munc18-1 bound to the half-zippered trans-SNARE complex has not been
determined, the position of Munc18-1 depicted in the model is arbitrary. The
model of the phosphatidylcholine bilayer (popc128a.pdb) was obtained from
the Department of Biocomputing at the University of Calgary (Calgary, AB,
Canada). The models were prepared using PyMOL (DeLano Scientific LLC,
San Carlos, CA).

Membrane-destabilizing peptides have not been known to
exist in the SNARE-SM vesicle fusion machinery, raising the pos-
sibility that intracellular vesicle fusion might proceed through a
route distinct from other membrane fusion pathways. In this
work, we discovered that the juxtamembrane motif of the
v-SNARE directly perturbs the lipid bilayer structure in a manner
reminiscent of viral fusion proteins. Mutations of the juxtamem-
brane motif abrogate SNARE-SM-mediated fusion in vitro,
correlating with the essential role of the juxtamembrane motif
in vesicle fusion in the cell. Importantly, the juxtamembrane motif
can be functionally replaced by an unrelated membrane-disrupt-
ing peptide in membrane fusion. Thus, intracellular vesicle fusion
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also requires a membrane-destabilizing peptide, supporting the
notion that membrane-destabilizing peptides constitute a uni-
versal element in membrane fusion reactions. These findings
suggest that biological membrane fusion pathways, although
driven by disparate fusion proteins, are governed by common
underlying mechanisms.

RESULTS

The Juxtamembrane Motif of VAMP2 Is Required for
SNARE-Munc18-1-Mediated Membrane Fusion
Membrane-destabilizing peptides in viral fusion and homotypic
ER fusion are usually short segments embedded in the surface
of lipid bilayers (Chernomordik and Kozlov, 2003; Earp et al.,
2005; Liu et al, 2012). VAMP2/synaptobrevin, a v-SNARE
involved in synaptic exocytosis (Martin et al., 2013; Sollner et al.,
1993), possesses a conserved juxtamembrane motif linking the
force-generating SNARE motif to the transmembrane domain
(Figure 1A; Bowen and Brunger, 2006; Brewer et al., 2011). Buried
in the outer leaflet of the membrane bilayer, the juxtamembrane
motif contains hydrophobic residues that insert into the nonpolar
phase of the lipid bilayer as well as basic residues localized to
the polar phase of the membrane (Figure 1B; Bowen and Brunger,
2006; Brewer et al., 2011; Ellena et al., 2009; Kweon et al., 2003).
The juxtamembrane motif is critical for exocytosis in vivo (Borisov-
skaetal.,2012; DeMill etal., 2014; Williams et al., 2009), butits role
in the membrane fusion reaction has remained unclear.

To examine the function of the juxtamembrane motif in mem-
brane fusion, synaptic exocytic SNAREs (syntaxin-1, SNAP-25,
and VAMP2) and SM protein (Munc18-1) were reconstituted
into a liposome fusion assay. The kinetics of the liposome fusion
reactions were measured using lipid and content mixing assays
(Yu et al., 2019). The conserved residues of the juxtamembrane
motif were mutated into alanines, and the VAMP2 mutant was re-
constituted into proteoliposomes at the same density as the
wild-type (WT) protein (Figures 2A, 2B, and S1A). We observed
that the SNARE-Munc18-1-mediated fusion reaction was
strongly inhibited when the juxtamembrane motif was mutated
(Figures 2C-2E, S1B, and S2). In contrast, the basal SNARE-
driven fusion (without Munc18-1) was not affected by the muta-
tion (Figures 2C-2E and S2). The selective involvement of the
juxtamembrane motif in the SNARE-Munc18-1-mediated fusion
reaction is consistent with the discovery that basal SNARE-
driven fusion is fundamentally distinct from the SM protein-as-
sisted fusion pathway (Baker et al., 2015; Jiao et al., 2018; Yu
et al., 2018). The SNARE-SM-mediated fusion reaction, but not
basal SNARE-driven fusion, recapitulates intracellular vesicle
fusion (Walter et al., 2010; Yu et al., 2015, 2018).

These results demonstrate that the juxtamembrane motif of
VAMP2 is critical for SNARE-Munc18-1-mediated membrane
fusion.

The Juxtamembrane Motif of VAMP2 Is Dispensable for
SNARE-Munc18-1 Association

Next, we sought to define how the juxtamembrane motif of
VAMP2 promotes membrane fusion at the molecular level. We
first examined whether the juxtamembrane motif influences
membrane docking. The t-SNARE liposomes were anchored to
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Figure 2. The Juxtamembrane Motif of VAMP2 Is
Essential for SNARE-Munc18-1-Mediated Mem-
brane Fusion

(A) Sequence alignment of the juxtamembrane motifs of
WT VAMP2 and a VAMP2 mutant in which the juxta-
membrane motif was mutated into alanines. Asterisks
indicate the conserved residues mutated in the VAMP2
mutant. Lysine 94 (K94) was not mutated because this
basic residue demarcates the boundary of the TMD.
Lysine 91 (K91) was not mutated because it is not
evolutionarily conserved. Nevertheless, identical results
were observed when K91 was also mutated (Figure 6).
(B) Representative Coomassie blue-stained gel showing
that WT and mutant VAMP2 proteins were reconstituted
into proteoliposomes at comparable levels.

(C) Diagram of liposome pairs in the reconstituted lipo-
some fusion reactions. WT t-SNARE liposomes were
directed to fuse with v-SNARE liposomes containing WT
or mutant VAMP2 in the absence or presence of 5 uM
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(D) Lipid mixing of the liposome fusion reactions. In
negative control reactions, the dominant-negative in-
hibitor CDV2 (cytoplasmic domain of VAMP2) was added
to a final concentration of 20 uM. Content mixing of the
liposomes is shown in Figure S2.

(E) Initial lipid-mixing rates of the liposome fusion re-

SNAREs
+ Munc18-1

VAMP2 WT VAMP2 mutant | VAMP2 WT

20 +CDV2

10

0 \/

% of max. fluorescence
o
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reactions based on three independent experiments.
Error bars indicate SD.

See also Figures S1 and S2.
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basal fusion (Figures 2C and 2D). Next, we
examined whether the juxtamembrane motif
regulates SNARE-Munc18-1 association. Us-
ing isothermal titration calorimetry (ITC), we
observed that the affinity of Munc18-1 binding
to the WT SNARE complex was similar to its
binding to the mutant SNARE complex in
which the juxtamembrane motif of VAMP2
was mutated (Figure 3B). We then further
examined SNARE-Munc18-1 binding using a
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avidin beads and used to bind v-SNARE liposomes. Pairing of v-
and t-SNAREs allowed the v-SNARE liposomes to dock onto the
bead-anchored t-SNARE liposomes, which was moderately
enhanced by Munc18-1 (Figure 3A). We observed that mutations
of the VAMP2 juxtamembrane motif did not affect docking of the
liposomes (Figure 3A). Hence, the juxtamembrane motif is not
involved in the docking step of the membrane fusion reaction.
In a liposome co-flotation assay, WT and mutant VAMP2
bound equally well to the t-SNAREs (Figure S3). Thus, the juxta-
membrane motif is dispensable for SNARE complex assembly,
consistent with the ability of the VAMP2 mutant to drive normal

AR &
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SNAREs + Munc18-1

glutathione S-transferase (GST) pull-down
assay. We observed that mutation of the juxta-
membrane motif did not impair the interaction
of GST-Munc18-1 with the SNARE complex
(Figure 3C), in agreement with the ITC results.
Thus, although selectively required for the
SNARE-Munc18-1-mediated fusion reaction,
the juxtamembrane motif of VAMP2 is dispensable for formation
of the SNARE-Munc18-1 complex.

Together, these data demonstrate that the juxtamembrane
motif of VAMP2 is dispensable for SNARE complex formation
and SNARE-Munc18-1 association, supporting a model where
it promotes membrane fusion through lipid binding.

The Function of the VAMP2 Juxtamembrane Motif
Requires Both Basic and Hydrophobic Residues

The juxtamembrane motif of VAMP2 is comprised of basic
and hydrophobic residues that directly interact with lipids
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(B) Measurements of SNARE-Munc18-1 association using ITC. The ternary SNARE complexes were assembled from the cytoplasmic domains of v- and
t-SNAREs: VAMP2 (residues 1-95, WT or mutant), syntaxin-1 (residues 1-265), and full-length SNAP-25 (Yu et al., 2013a). The dissociation constant of the
SNARE-Munc18-1 complex was calculated by fitting the data with a nonlinear least-squares routine using the MicroCal Origin software.

(C) Representative immunoblots showing the binding of WT or mutant SNARE complexes to GST-Munc18-1. GST-Munc18-1 proteins bound to glutathione
Sepharose beads were used to precipitate full-length ternary SNARE complexes using a previously established procedure (Shen et al., 2010). Protein complexes
in the precipitates were resolved on SDS-PAGE and analyzed by immunoblotting using the indicated antibodies.

See also Figure S3.

(Figures 1B and 4A; Bowen and Brunger, 2006; Brewer et al.,
2011; Ellena et al., 2009; Han et al., 2016). It has been speculated
that electrostatic interactions between the basic residues and
lipid head groups are involved in the vesicle fusion reaction
(Montal, 1999; Williams et al., 2009). Direct evidence for this
model, however, has been lacking. Next, we examined the func-
tional role of a conserved stretch of basic residues (K85/R86/
K87) in the juxtamembrane motif (Figure 4A). We observed that
SNARE-Munc18-1-mediated liposome fusion was strongly in-
hibited when the K85/R86/K87 (KRK) stretch was deleted or
mutated into alanines (Figure 4B), indicating a critical role of
these residues in the fusion reaction. We reasoned that, if the
KRK stretch promotes membrane fusion through electrostatic
interactions with lipids, then its activity should rely on the overall
charge rather than specific amino acids. To test this possibility,
the KRK sequence was substituted with triple lysines (KKK) or tri-
ple arginines (RRR) (Figure 4A), both of which retained the overall
charge of the juxtamembrane motif. Indeed, VAMP2 variants
bearing the KKK or RRR substitutions were fully active in medi-
ating SNARE-Munc18-1-mediated liposome fusion (Figure 4B).
We then replaced the KRK sequence with six histidine residues
(Hisg), which are weakly basic at pH 7.4 (Figure 4A). We found
that the VAMP2 variant bearing the Hisg substitution also sup-
ported SNARE-Munc18-1-mediated liposome fusion, albeit
with a lower efficiency (Figure 4B), consistent with partial proton-
ation of histidine side chains at neutral pH. By contrast, substitu-
tion of the KRK stretch with acidic residues (EDE) abrogated
SNARE-Munc18-1-mediated liposome fusion (Figure 4B). None
of these mutations significantly affected basal SNARE-driven
fusion (Figure 4B), confirming the dispensability of the juxta-
membrane motif in the basal fusion reaction. These data demon-
strate that the function of the juxtamembrane motif in membrane
fusion requires the basic residues.
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The juxtamembrane motif of VAMP2 also contains a hydro-
phobic stretch (residues 88-93) buried in the nonpolar phase
of the membrane bilayer (Bowen and Brunger, 2006; Kweon
et al.,, 2003). We observed that SNARE-Munc18-1-mediated
liposome fusion was strongly inhibited when this hydrophobic
stretch was deleted or mutated into alanines (Figure 4B). Thus,
like the basic residues, the hydrophobic stretch is critical for
the function of the juxtamembrane motif in membrane fusion.

Together, these data demonstrate that both the basic and hy-
drophobic stretches are required for the function of the VAMP2
juxtamembrane motifin SNARE-Munc18-1-mediated membrane
fusion. Because these regions are known to interact with lipids
(Bowen and Brunger, 2006; Brewer et al., 2011; Ellena et al,,
2009), our data further suggest that the juxtamembrane motif pro-
motes membrane fusion by directly binding to the lipid bilayer.

The Juxtamembrane Motif of VAMP2 Destabilizes the
Membrane Bilayer

Next, we sought to determine whether the juxtamembrane motif of
VAMP2 directly influences the integrity of membrane bilayers. A
synthetic peptide encompassing the VAMP2 juxtamembrane
motif was added to protein-free liposomes (Figure 5A). Using ade-
quenching-based liposome leakage assay, we observed that the
juxtamembrane motif peptide induced significant content release
from the population of liposomes (Figures 5B and 5C). In contrast,
peptides derived from other SNARE sequences, including the
N-peptide of syntaxin-1 and the Vc peptide of VAMP2, did not
induce content release (Figures 5B and 5C). Because membrane
disruption is often accompanied by lipid mixing (Bailey et al., 1997;
Thorén et al., 2005), we next examined whether the SNARE-
derived peptides can induce liposome lipid mixing. Indeed, the
juxtamembrane motif peptide, but not the N-peptide or Vc pep-
tide, induced lipid mixing of protein-free liposomes (Figure S4),
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Figure 4. The Function of the VAMP2 Juxtamembrane Motif Re-
quires Both Basic and Hydrophobic Residues

(A) Sequence alignment of juxtamembrane motifs (highlighted in yellow) in WT
and mutant VAMP2. The mutated residues are indicated with asterisks.

(B) Initial lipid mixing rates of the liposome fusion reactions. WT t-SNARE Ii-
posomes were directed to fuse with WT or mutant v-SNARE liposomes in the
presence or absence of 5 UM Munc18-1. Data are presented as the average
percentage of fluorescence change within the initial 10 min of the reactions
based on three independent experiments. Error bars indicate SD.

correlating with the membrane-disrupting activity of the juxta-
membrane motif peptide (Figures 5B and 5C). Next, we used
negative staining electron microscopy to visualize the effect of
the juxtamembrane motif peptide on liposome morphology. We
observed that protrusions emanated from liposomes incubated
with the juxtamembrane motif peptide but not the N-peptide or
Vc peptide (Figure 5D), consistent with the ability of the juxtamem-
brane motif peptide to remodel membrane bilayers.

Thus, the juxtamembrane motif of VAMP2 is intrinsically
capable of disrupting the lipid bilayer structure. These data
strongly suggest that the juxtamembrane motif of VAMP2 pro-
motes SNARE-Munc18-1-mediated membrane fusion by desta-
bilizing the membrane bilayer.

The Juxtamembrane Motif of VAMP2 Can Be
Functionally Substituted with an Unrelated Membrane-
Destabilizing Peptide

We reasoned that, if the juxtamembrane motif of VAMP2 pro-
motes membrane fusion by destabilizing the lipid bilayer, then
it could be functionally substituted with an unrelated peptide

known to disrupt the membrane structure. To test this possibility,
the VAMP2 juxtamembrane motif was replaced with the
TatP59W peptide, a variant of the Tat peptide derived from the
Tat protein of human immunodeficiency virus-1 (HIV-1) (Thorén
etal., 2005). Like the VAMP2 juxtamembrane motif, the TatP59W
peptide is a short membrane-embedded stretch comprised of
both basic and hydrophobic residues (Figure 6A; Thorén et al.,
2005). Importantly, the TatP59W peptide exhibits no sequence
similarity with the juxtamembrane motif of VAMP2 and is not
involved in exocytosis (Figure 6A; Thorén et al., 2005). We
observed that, although mutations of the juxtamembrane motif
abolished SNARE-Munci18-1 mediated liposome fusion, the
fusion was restored when the TatP59W peptide was introduced
into the juxtamembrane region of VAMP2 (Figure 6B). Thus, the
juxtamembrane motif of VAMP2 can be replaced by an unrelated
bilayer-disrupting peptide in the membrane fusion reaction,
further demonstrating that the juxtamembrane motif promotes
membrane fusion by destabilizing the lipid bilayer.

Linker Insertions Diminish SNARE-Munc18-1-Mediated
Membrane Fusion

In all v-SNARESs, the SNARE motif is directly connected to the
juxtamembrane motif without extra residues between them (Fig-
ure 1A). Insertions of flexible linkers between the SNARE and jux-
tamembrane motifs of VAMP2 strongly inhibit exocytosis in vivo
(Dedk et al., 2006; DeMill et al., 2014; Kesavan et al., 2007). How-
ever, it was unclear whether and how the linker insertions directly
influence the vesicle fusion reaction. Next, we introduced helix-
breaking glycine and serine residues between the SNARE motif
and juxtamembrane motif of VAMP2 (Figure 7A). We observed
that these linker insertions had little effect on the basal
SNARE-driven liposome fusion reaction (Figure 7B). Insertion
of 21 residues only moderately reduced the basal SNARE-driven
liposome fusion, whereas shorter insertions had no effect on the
fusion kinetics (Figure 7B). We then examined how the linker in-
sertions affect the SNARE-Munc18-1-mediated fusion reaction.
We found that insertion of two residues resulted in normal fusion
kinetics (Figure 7B). However, further extension of the linker
strongly inhibited SNARE-Munc18-1-mediated liposome fusion
(Figure 7B). With seven or more helix-disrupting residues added,
the liposome fusion reaction was essentially reduced to the
basal level (Figure 7B), similar to mutations of the juxtamem-
brane motif (Figures 2 and 4).

Thus, the SNARE-Munci18-1-mediated fusion reaction is
highly sensitive to linker insertions, indicating that the mem-
brane-destabilizing juxtamembrane motif must be directly con-
nected to the force-generating SNARE motif with minimal
spacing. Interestingly, in vivo exocytosis also tolerated a two-
residue insertion but was abrogated when longer linkers were
introduced (Figure 7C; Deék et al., 2006; Kesavan et al., 2007).
The strong correlation of our biochemical data with genetic ob-
servations further supports the physiological relevance of the
membrane-destabilizing function uncovered in this work.

DISCUSSION

Although the cytoplasmic domains of SNAREs and their interac-
tions with SM proteins have been well characterized, little has
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Figure 5. The Juxtamembrane Motif of
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VAMP2 Destabilizes the Membrane Bilayer
(A) Diagrams showing the SNARE-derived peptides:
the N-peptide (residues 1-35) of syntaxin-1, the Vc
peptide (residues 56-84) of VAMP2, and the juxta-
membrane motif (residues 79-94) of VAMP2.

(B) Sulforhodamine B-loaded protein-free lipo-
somes were incubated with buffer or the indicated
peptides at 37°C for 60 min, and sulforhodamine B

1 + juxtamembrane
¥ motif peptide

+ buffer
+ V¢ peptide

0 30
Time (min)

(at 60 min)

% of max fluorescence

been known about protein-membrane interactions in the
vesicle fusion reaction. In this work, we discovered that the
membrane-embedded juxtamembrane motif of VAMP2 pro-
motes membrane fusion by destabilizing the lipid bilayer. This
membrane-destabilizing function is supported by three lines of
evidence: (1) mutations or deletions of the lipid-binding residues
in the juxtamembrane motif inhibit SNARE-Munc18-1-mediated
membrane fusion; (2) the juxtamembrane motif is intrinsically
capabile of disrupting lipid bilayer structures; and (3) an unrelated
membrane-disrupting peptide can replace the juxtamembrane
motif in promoting membrane fusion. Because the juxtamem-
brane motif is conserved among v-SNARESs, we anticipate that
its membrane-destabilizing function is required for all vesicle
fusion pathways. With the discovery of a membrane-destabiliz-
ing peptide in intracellular vesicle fusion, we suggest that biolog-
ical membrane fusion pathways, although driven by disparate
proteins, are governed by a common principle: assembly or re-
folding of membrane fusion proteins brings two lipid bilayers
into close proximity, followed by local disruption of the bilayer
structure by membrane-destabilizing peptides.

How does the juxtamembrane motif of the v-SNARE destabi-
lize the membrane bilayer? Electron microscopy (EM) imaging
showed that the juxtamembrane motif deforms the membrane
bilayer, which creates local elastic stresses and reduces the
energy barrier for membrane merging (Kozlov et al., 2010;
McMahon et al., 2010). Curvature induction usually requires
the cooperative action of multiple copies of a membrane-binding
molecule (Hui et al., 2009; McMahon et al., 2010) so that the
juxtamembrane motif is unable to induce curvature within free
v-SNAREs. When multiple SNARE complexes (three or more)
zipper cooperatively in a vesicle fusion reaction (Domanska
etal., 2009; Mohrmann et al., 2010; Shi et al., 2012), it is conceiv-
able that their juxtamembrane motifs are concentrated at the
fusion sites, allowing curvature induction. This curvature-
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+ juxtamembrane
1L motif peptide

fluorescence during the incubation was measured.
Liposome leakage leads to sulforhodamine B de-
quenching and increases in its fluorescence. Each
peptide was added to a final concentration of
100 uM. At the end of the incubation, 10 pL of 10%
CHAPSO was added to lyse the liposomes to obtain
the maximum fluorescence. The data are shown as
percentage of maximum fluorescence.

(C) Sulforhodamine B fluorescence at the end of the
60-min incubation shown in (B). Data are presented
as the average percentage of maximum fluores-
cence based on three independent experiments.
Error bars indicate SD.

(D) Representative electron micrographs of lipo-
somes incubated with buffer or the indicated pep-
tides. Scale bars, 100 nm.

See also Figure S4.

+ N-peptide

%

inducing activity can be recapitulated by adding high concentra-
tions of synthetic juxtamembrane motif peptides (Figure 5D). The
juxtamembrane peptide of the v-SNARE may also promote
dehydration of lipid head groups, which disrupts membrane
integrity and neutralizes negative lipid charges to reduce the
repulsive force of approaching membranes (Martens and
McMahon, 2008; Murray et al., 1999; Shintou et al., 2007;
Tarafdar et al.,, 2015). Interestingly, in the post-fusion cis-
SNARE complex, the juxtamembrane motif associates with the
t-SNAREs (Stein et al., 2009), suggesting that the juxtamem-
brane motif is dislodged from the membrane during a late stage
of the fusion reaction. It is conceivable that dislodging of the jux-
tamembrane motif further disrupts the membrane structure at
the fusion sites. Before its ultimate pairing with the t-SNAREs,
the dislodged juxtamembrane motif may also transiently bind
and destabilize the target membrane in trans. Together, these
membrane-remodeling activities facilitate lipid rearrangements
to form stalk and hemifusion intermediates, followed by opening
and expansion of fusion pores controlled by SNARE transmem-
brane domains (Bao et al., 2016; Chang et al., 2015; Dhara et al.,
2016; Fang and Lindau, 2014; Lindau et al., 2012; Ngatchou
et al., 2010; Pieren et al., 2015).

The juxtamembrane motif of the v-SNARE is dispensable for
the basal SNARE-driven membrane fusion, again demonstrating
that the basal fusion reaction differs fundamentally from SNARE-
SM-mediated membrane fusion (Yu et al., 2015, 2018). Only the
SNARE-SM-mediated fusion recapitulates the intracellular
vesicle fusion reaction. We posit that, without activation by a
cognate SM protein, SNARE zippering proceeds through a
different route that is not properly coupled to the activity of the
juxtamembrane motif. Consistent with this model, the basal
SNARE-driven fusion is insensitive to linker insertions, in stark
contrast to the SNARE-SM-mediated fusion reaction. In a recon-
stituted fusion assay containing the Vc peptide, mutations of the
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Figure 6. The Juxtamembrane Motif of VAMP2 Can Be Functionally
Substituted with an Unrelated Membrane-Destabilizing Peptide

(A) Sequence alignment of the juxtamembrane motifs (highlighted in yellow) of
WT and mutant VAMP2 proteins. Asterisks indicate residues mutated into al-
anines or replaced with the TatP59W peptide. In the VAMP2 TatP59W
chimera, the juxtamembrane motif of VAMP2 was replaced with a variant of the
HIV-1-derived tat peptide (Thorén et al., 2005).

(B) Initial lipid mixing rates of the liposome fusion reactions. WT t-SNARE Ii-
posomes were directed to fuse with WT or mutant v-SNARE liposomes in the
presence or absence of 5 UM Munc18-1. Data are presented as the average
percentage of fluorescence change within the initial 10 min of the reactions
based on three independent experiments. Error bars indicate SD.

juxtamembrane motif of VAMP2 decreased fusion kinetics (Her-
nandez et al., 2012). This observation can be explained by the
discovery that the Vc peptide-assisted fusion reaction mimics
SNARE-SM-mediated membrane fusion rather than the basal
fusion reaction (Yu et al., 2018). Although the juxtamembrane
motif of VAMP2 can associate with t-SNARE and Munc18-1
(Stein et al., 2009; Xu et al., 2010), our and others’ data showed
that the juxtamembrane motif is dispensable for SNARE-SNARE
and SNARE-Munc18-1 interactions (Figure 3; Jiao et al., 2018).

The juxtamembrane region of the t-SNARE subunit syntaxin
also positively regulates exocytosis (Lam et al., 2008; Singer-La-
hat et al., 2018; van den Bogaart et al., 2011; Van Komen et al.,
2005). However, this region lacks a hydrophobic stretch and is
not known to penetrate into the surface of membrane bilayers
(Lam et al., 2008). Thus, the juxtamembrane region of syntaxin
may not act as a membrane-destabilizing peptide in the fusion
reaction. Instead, the lipid-binding activity of this region may
regulate syntaxin localization and/or modulate other exocytic
factors. As discussed above, the juxtamembrane motif of the
v-SNARE may bind and destabilize the target membrane in trans
after its dislodging from the vesicle membrane, promoting lipid
rearrangements in both membrane bilayers.

In this work, we focused on the conserved vesicle fusion ma-
chinery of SNAREs and SM proteins. In regulated exocytosis, the
juxtamembrane motif of the v-SNARE is expected to act in con-
cert with other membrane-remodeling molecules, such as syn-
aptotagmin and Doc2b, to accelerate the fusion kinetics (Hui
et al., 2009; Lynch et al., 2008; Martens et al., 2007; Martens
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Figure 7. Linker Insertions between the SNARE and Juxtamembrane
Motifs Impair Membrane Fusion

(A) Diagram of VAMP2 mutants with insertions of helix-breaking residues
(glycines and serines) between the SNARE and juxtamembrane motifs.

(B) Initial lipid mixing rates of the liposome fusion reactions. WT t-SNARE Ii-
posomes were directed to fuse with WT or mutant v-SNARE liposomes in the
presence or absence of 5 UM Munc18-1. Data are presented as the average
percentage of fluorescence change within the initial 10 min of the reactions
based on three independent experiments. Error bars indicate SD.

(C) Correlation of the effects of linker insertions on in vitro SNARE-Munc18-1-
mediated liposome fusion and in vivo exocytosis. The in vivo data are based on
published genetic studies (Dedk et al., 2006; Kesavan et al., 2007). The lipo-
some fusion rates were calculated by subtracting the basal level of liposome
fusion from SNARE-Munc18-1-mediated liposome fusion. The rates of regu-
lated exocytosis (exocytosis bursts in chromaffin cells or amplitudes of evoked
response in cultured neurons) were calculated by subtracting the background
levels of exocytosis (in Vamp2 knockout [KO] cells) from WT cells or Vamp2 KO
cells expressing rescue genes. +++++, 85%-100% of WT levels of liposome
fusion or exocytosis; +, <20% of WT levels of liposome fusion or exocytosis.

and McMahon, 2008). Overall, our biochemical data agree well
with genetic observations (Borisovska et al., 2012; Deék et al.,
2006; DeMill et al., 2014; Kesavan et al., 2007; Williams et al.,
2009). However, it should be noted that the juxtamembrane motif
of VAMP2 also modulates the activities of specialized exocytic
regulators such as Munc13 and complexin (Fang et al., 2013;
Maximov et al., 2009; Wang et al., 2019). Because these binding
modes can play opposite roles in exocytosis, mutations of
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specific residues in the juxtamembrane motif may lead to vari-
able consequences in vivo, depending on cellular contexts and
the nature of the mutations (Borisovska et al., 2012; Maximov
et al., 2009; Williams et al., 2009).
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Polyclonal anti-Munc18-1 Sigma-Aldrich Sigma-Aldrich Cat# M2694, RRID: AB_477176

Monoclonal anti-Syntaxin-1
Monoclonal anti-SNAP-25
Monoclonal anti-VAMP2

Synaptic Systems
Synaptic Systems
Synaptic Systems

Synaptic Systems Cat# 110 011, RRID: AB_887844
Synaptic Systems Cat# 111 111, RRID: AB_887792
Synaptic Systems Cat# 104 211, RRID: AB_887811

Bacterial and Virus Strains

BL21 Gold DE3 competent cells Stratagene Cat # 230132
Chemical, Peptides, and Recombinant Proteins

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) Avanti Polar Lipids Cat # 850457C
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),  Avanti Polar Lipids ~ Cat # 850757C
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) Avanti Polar Lipids Cat # 840034C
Cholesterol Avanti Polar Lipids Cat # 700000P
N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-dipalmitoyl Avanti Polar Lipids ~ Cat # 810114C
phosphatidylethanolamine (NBD-DPPE)

N-(Lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl Avanti Polar Lipids ~ Cat# 810158C

phosphatidylethanolamine (rhodamine-DPPE)

Nycodenz Axis-Shield Cat # 1002424
Sulforhodamine B Sigma-Aldrich Cat # 341738
Protease inhibitor cocktail Roche Cat # 05056489001
Juxtamembrane motif peptide TSAAKLKRKYWWKNLK Biomatik N/A

Recombinant DNA

pET28a Novagen Cat # 69864-3
pGEX4T-3 Addgene Cat # 27458301
pTW34 Weber et al., 1998 N/A

pET-SUMO-Munc18-1
pET-SUMO-VAMP2
pGEX4T-3-Munc18-1

Shen et al., 2007
Shen et al., 2007
Shen et al., 2010

Cat # 135550 in Addgene
Cat # 135551 in Addgene
N/A

Software and Algorithms

KaleidaGraph
ImageJ

Synergy
NIH

http://www.synergy.com/wordpress_650164087/
https://imagej.nih.gov/ij/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jingshi
Shen (jingshi.shen@colorado.edu). All the reagents generated in this study are available via material transfer agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbial Strains

All the recombinant proteins in this study were expressed in E. Coli BL21 [B F-ompT hsdS(rg~ mg~) dcm™* Tet" gal \(DE3) endA Hte] at

37°C in a shaker incubator set at 220 rpm.

Cell Reports 29, 4583-4592.e1-e3, December 24, 2019 el

OPEN

ACCESS
CellPress



mailto:jingshi.shen@colorado.edu
http://www.synergy.com/wordpress_650164087/
https://imagej.nih.gov/ij/

OPEN

ACCESS
CellPress

METHOD DETAILS

Recombinant protein expression and purification

Recombinant v- and t-SNARE proteins were expressed and purified as previously described (Shen et al., 2010). The t-SNARE com-
plex was composed of untagged rat syntaxin-1 (full-length or cytoplasmic domain) and mouse SNAP-25 with an N-terminal Hisg tag
cloned in the pTW34 expression vector. The v-SNARE protein (pET-SUMO-VAMP2) had no extra residue left after the Hisge-SUMO tag
was removed. Recombinant untagged Munc18-1 (from pET-SUMO-Munc18-1) and GST-tagged Munc18-1 proteins (from pGEX4T-
3-Munc18-)) were produced in E. coli as previously described (Shen et al., 2007). The N-peptide (residues 1-35 of syntaxin-1) and Vc
peptide (residues 56-84 of VAMP2) were expressed and purified in E. coli using the pET28a vector (Rathore et al., 2010; Yu et al.,
2018). SNARE mutants were prepared similarly as the corresponding WT proteins. Full-length SNAREs were stored in a buffer con-
taining 25 mM HEPES (pH 7.4), 400 mM KCI, 1% n-octyl-B-D-glucoside (OG), 10% glycerol, and 0.5 mM Tris(2-carboxyethyl)phos-
phine (TCEP). Soluble proteins were stored in a protein binding buffer (25 mM HEPES [pH 7.4], 150 mM KCI, 10% glycerol, and
0.5 mM TCEP).

Proteoliposome reconstitution

To reconstitute t-SNARE liposomes for lipid-mixing assays, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) and cholesterol
were mixed in a molar ratio of 60:20:10:10. To prepare v-SNARE liposomes for lipid-mixing assays, POPC, POPE, POPS, cholesterol,
(N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-dipalmitoyl phosphatidylethanolamine (NBD-DPPE) and N-(Lissamine rhodamine B sul-
fonyl)-1,2-dipalmitoyl phosphatidylethanolamine (rhodamine-DPPE) were mixed at a molar ratio of 60:17:10:10:1.5:1.5. SNARE pro-
teoliposomes were prepared by detergent dilution and isolated by Nycodenz density gradient flotation (Shen et al., 2010; Yu et al.,
2019). Detergent was removed by overnight dialysis using Novagen dialysis tubes against the reconstitution buffer (25 mM HEPES
[pH 7.4], 100 mM KCI, 10% glycerol, and 1 mM DTT). To prepare sulforhodamine B-loaded liposomes for content-mixing assays, v-
and t-SNAREs were reconstituted in the presence of 50 mM sulforhodamine B. Free sulforhodamine B was removed by overnight
dialysis followed by liposome flotation on a Nycodenz gradient. The protein: lipid ratio of v-SNARE liposomes was 1:200, similar
to VAMP2 densities on native synaptic vesicles (Takamori et al., 2006), while the protein: lipid ratio of t-SNARE liposomes was
1:500. SNARE mutants were reconstituted into liposomes at the same molar densities as their respective WT proteins. Protein-
free liposomes were prepared in a similar way as SNARE liposomes except that proteins were omitted.

Liposome fusion assays

Liposome fusion and data analysis were performed as previously described (Shen et al., 2010, 2015; Yu et al., 2019). A standard lipo-
some fusion reaction contained 5 M t-SNAREs and 1.5 pM v-SNARE. In lipid-mixing assays, v-SNARE liposomes were labeled with
NBD and rhodamine, and were directed to fuse with unlabeled t-SNARE liposomes with or without 5 uM Munc18-1 (Yu et al., 2019).
The samples were incubated on ice for one hour before the temperature was elevated to 37°C to initiate fusion. NBD fluorescence
(excitation: 460 nm; emission: 538 nm) was measured every two minutes in a BioTek Synergy HT microplate reader. In content-mixing
assays, unlabeled t-SNARE liposomes were directed to fuse with sulforhodamine B-loaded v-SNARE liposomes. Sulforhodamine B
fluorescence (excitation: 565; emission: 585 nm) was measured every two minutes. At the end of the reactions, 10 pL of 10%
CHAPSO was added to each sample to lyse the liposomes to obtain the maximum fluorescence. Liposome fusion data were pre-
sented as the percentage of maximum fluorescence change. The maximum fusion rate within the first 10 minutes of a liposome fusion
reaction was used to represent the initial rate. Statistical significance was calculated for each figure based on at least three
experiments.

Liposome leakage assays
Sulforhodamine B-loaded protein-free liposomes were mixed with buffer or a SNARE peptide (added to a final concentration of
100 uM). Sulforhodamine B fluorescence was measured over time at 37°C. At the end of the reactions, 10 uL of 10% CHAPSO
was added to lyse the liposomes to obtain the maximum fluorescence. The data are shown as percentage of maximum fluorescence.
The N-peptide and Vc peptide were expressed and purified from E. coli whereas the juxtamembrane motif peptide of VAMP2 was
synthesized by Biometik (95% purity). The sequences of the SNARE peptides are listed below:

N-peptide (residues 1-35 of syntaxin-1): MKDRTQELRTAKDSDDDDDVTVTVDRDRFMDEFFE.

Vc peptide (residues 56-84 of VAMP2): RDQKLSELDDRADALQAGASQFETSAAKL.

Juxtamembrane motif peptide (residues 79-94 of VAMP2): TSAAKLKRKYWWKNLK.

Liposome co-flotation assay

Liposome co-flotation assay was carried out using a previously established procedure (Shen et al., 2007; Yu et al., 2018). Soluble
proteins were incubated with protein-free or v-SNARE liposomes at 4°C with gentle agitation. After one hour, an equal volume of
80% (w/v) Nycodenz was added and the samples were transferred to 5 x 41 mm centrifuge tubes. The samples were overlaid
with 200 pL each of 35% (w/v) and 30% (w/v) Nycodenz, and then with 20 pL reconstitution buffer on the top. All Nycodenz solutions
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were prepared in the reconstitution buffer. After centrifugation at 52,000 rpm for four hours in a Beckman SW55 rotor, samples were
collected from the 0/30% Nycodenz interface and analyzed by SDS-PAGE.

ITC measurements

ITC experiments were performed at 25°C using a VP-ITC instrument (MicroCal). Munc18-1 and SNAREs were dialyzed overnight
separately in an ITC binding buffer (25 mM HEPES [pH 7.4], 150 mM KCI, 10% Glycerol, and 0.5 mM TCEP) (Shen et al., 2015;
Yu et al., 2013b). Munc18-1 protein (5 uM) was loaded into the sample cell of VP-ITC, followed by iterative injection of SNARE com-
plexes (75 uM) into the sample cell. After polynomial baseline correction to remove a slight drift of the initial data points, the data were
fitted with a nonlinear least-squares routine using the MicroCal Origin software.

Negative staining electron microscopy

Electron microscopy imaging of liposomes was carried out at Boulder Lab for 3D Electron Microscopy. Protein-free liposomes were
incubated with buffer or a SNARE-derived peptide (added to a final concentration of 356 11M) for one hour at room temperature. The
samples were then stained with 2% uranyl acetate and observed on a Philips CM100 scanning transmission electron microscope
operated at 80 kV.

GST pull-down assay

Full-length ternary SNARE complexes were assembled as previously described (Shen et al., 2007). GST-Munc18-1 was expressed in
E. coli using the pGEX4T-3-Munc18-1 plasmid and cell lysates were prepared using a protein binding buffer (25 mM HEPES [pH 7.4],
150 mM KCI, 10% glycerol, 1% CHAPS, and 1 mM DTT). SNARE complexes were added to GST-Munc18-1-expressing E. coli ly-
sates. After incubation at 4°C for one hour, glutathione Sepharose beads were added to the lysates to bind GST-Munc18-1 and asso-
ciated proteins. After washing three times with the protein-binding buffer, protein complexes bound to the beads were resolved on
SDS-PAGE and detected by immunoblotting using primary antibodies and horseradish peroxidase-conjugated secondary anti-
bodies. The antibodies used in this work were polyclonal anti-Munc18-1 antibodies, monoclonal anti-syntaxin-1 antibodies, mono-
clonal anti-SNAP-25 antibodies, and monoclonal anti-VAMP2 antibodies.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was calculated for each data point based on at least three experiments. Data were analyzed using the Kaleida-
Graph 3.6 software (Synergy) and are presented as means + standard deviation.

DATA AND CODE AVAILABILITY

This study did not generate code or dataset.
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Figure S1. Characterization of reconstituted liposome fusion reactions, Related to Figure 2. (A) Quantification
of wild-type (WT) and mutant VAMP?2 proteins in reconstituted proteoliposomes using ImagelJ. The data are based
four independent experiments. Error bars indicate standard deviation. The density of the mutant protein was
normalized to that of the WT sample. n.s., P>0.05. (B) Lipid mixing data of liposome fusion reactions reconstituted
using WT t-SNAREs and WT or mutant VAMP2. The fusion reactions were performed as described in Figure 2D-E
with or without 0.5 mM EDTA/EGTA. The data are based on three independent experiments. Error bars indicate
standard deviation.
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Figure S2. The content mixing of SNARE-Munc18-1-mediated membrane fusion is abolished by mutations in
the VAMP2 amphipathic motif, Related to Figure 2. (A) Content mixing of reconstituted liposome fusion
reactions. Sulforhodamine B-labeled v-SNARE liposomes (WT or mutant) were directed to fuse with unlabeled WT
t-SNARE liposomes in the absence or presence of 5 uM Munc18-1. In the negative control reactions, unlabeled
protein-free liposomes were used in the place of t-SNARE liposomes. Data are presented as fluorescence changes
over time. The VAMP2 mutant is depicted in Figure 2A. Pf: protein-free. (B) Content mixing of the same liposome
fusion reactions in A except that sulforhodamine B was reconstituted into both the v- and t-SNARE liposomes.
Increases in sulforhodamine B fluorescence were not observed, indicating that no detectable content leakage
occurred during the fusion reactions.
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Figure S3. Mutation of the amphipathic motif of VAMP2 does not interfere with SNARE complex formation,
Related to Figure 3. (A) Diagram showing the liposome co-flotation assay. (B) Left: representative coomassie blue-
stained gel showing the binding of t-SNARE cytoplasmic domains (CDs) to the indicated liposomes. Liposomes
were incubated with t-SNARE CDs (syntaxin-1 CD [residues 1-265] and full-length SNAP-25) for one hour at 4 °C.
After flotation on a Nycodenz gradient, proteins bound to the liposomes were resolved on SDS-PAGE and stained

with coomassie blue. Right: representative coomassie blue-stained gel showing the input materials of liposomes and
proteins.
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Figure S4. The juxtamembrane motif of VAMP?2 induces lipid mixing of protein-free liposomes, Related to
Figure 5. (A) Lipid mixing of protein-free liposomes in the presence of buffer or the indicated peptides (each added
to a final concentration of 180 uM). (B) Initial lipid-mixing rates of the reactions in A. Data are presented as average
percentage of fluorescence change within the initial 10 minutes of the reactions based on three independent
experiments. Error bars indicate standard deviation.
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